The mechanism by which millimolar concentrations of ATP stimulate the activity and increase the processivity of calf thymus DNA polymerase alpha has been investigated with poly(dA)/oligo(dT) as template/primer to eliminate possible effects due to primer synthesis. The effect of ATP on the rate of DNA synthesis with this template/primer was found to be dependent upon whether or not the ATP was neutralized and the species of buffer used in the reaction. The present studies suggest that ATP stimulation of calf thymus DNA polymerase can be attributed to changes in the pH of the reaction mixture, a shift in the magnesium ion optimum, or both. Furthermore, effects of ATP on the processivity of DNA polymerase alpha could be mimicked by lowering the pH of the reaction mixture.
INTRODUCTION
DNA-dependent hydrolysis of ATP plays an important role in the replication, repair and recombination of DNA in prokaryotes (1) . In addition to its role in unwinding the DNA helix, ligatlng DNA fragments and the synthesis of primers, ATP has been shown to be required for the formation of an initiation complex between Escherichla coll DNA polymerase III holoenzyme and a template/primer (2, 3) . In the absence of DNA, ATP forms a tight complex with DNA polymerase III holoenzyme with a Kp of about 1 uM.
The apparent K M for activation of DNA polymerase III holoenzyme with poly(dA)/oligo(dT) as template/primer is approximately 10 uH (4).
In higher organisms ATP has also been found to stimulate DNA synthesis with DNA polymerase alpha, the species of DNA polymerase implicated in replication of the mammalian genome. Delineation of the role of ATP with DNA polymerase alpha is complicated by the fact that the enzyme is usually purified as a complex with a primase activity that utilizes ribonucleoside trlphosphates as substrates for synthesis of oligoribonucleotide primers.
However, under conditions where the synthesis of primers Is apparently not a factor, relatively high concentrations of ATP, i.e., 3 to 5 mM, have been found to markedly stimulate the rate of DNA synthesis (5, 6, 7, 8) . Studies with DNA polymerase alpha from calf thyraus (5, 6) and Xenopus laevls (9) have suggested that ATP increases the processivity of the polymerase by increasing the binding of the enzyme to the primer/template. However, the mechanism by which ATP affects the interaction of the polymerase with the template/primer is unclear.
In this communication we shall present data showing that the effects of millimolar concentrations of ATP on the activity and processivity of calf thymus DNA polymerase alpha, under assay conditions commonly used with this enzyme, can be accounted for by effects on the pH of the reaction mixture.
MATERIALS AMD METHODS
Unlabeled deoxynucleoside triphosphates, poly(dA) (S 2 Q W 6.7), (dT)j Q , and the disodlum salt of ATP were obtained from Pharmacia-PL Biochemicals. Poly(dA)/oligo(dT) (20:1) was prepared by annealing the template and primer in a weight ratio of 20:1 in 20 mM Hepes buffer, pH 7.4, 60 mM KC1 at 80°C for 10 min, followed by slow cooling. DNA polymerase alpha was purified from fetal calf thymus essentially as previously described (10) . On SDS-gel electrophoresls, the enzyme preparation contained multiple protein bands of 50 to 180 kD; major bands were at 135, 120 and 106 kD. This DNA polymerase alpha species has primase activity and would correspond to DNA polymerase alpha A as described by Holmes e_t^ a_l. (11) . DNA-dependent and independent ATPase activity, assayed as previously described (10 unit. Since the dissociation constant of the buffer is affected by temperature, we also determined the effect of unneutralized ATP on the pH of the buffer solutions at 37°C, the temperature at which the polymerase reaction is carried out (panel B). At this temperature the effect of unneutralized ATP on the pH of the solution is less marked, however, it still decreased the pH of 60 raM Tris-HCl about 0.6 pH unit. In contrast, the pH of 60 mM Hepes buffer was lowered less than 0.1 pH unit at 37°C. These results suggest that Tris-HCl is not a very effective buffer at pH 7.5.
Influence of pH and ATP on the Magnesium Ion Optimum
The effects of varying Mg concentrations on the rate of DKA synthesis
In Hepea buffer at either pH 7.0 or pH 7.5 are shown in Figure 4 . It is apparent that the Mg optimum increases as the pH decreases. At pH 7.5, the optimal concentration of Mg" imately 0.2 pmol dTMP incorporated/pmol (dT) 10 , are shown in Figure 6 . In Tris-HCl buffer, pH 7.5, the products were less than-28 nucleotides in length, whereas in either Hepes buffer, pH 7.0, or in Tris-HCl, pH 7.5 with 3 uH unneutrallzed ATP, much larger products were seen. The product size distribution in Hepes buffer, pH 7.5, was intermediate between that seen in Hepes, pH 7.0, and Tris-HCl, pH 7.5. These results suggest that, with poly(dA)/oligo(dT) as template/primer, DNA polymerase alpha is more processive at pH 7.0 than at pH 7.5, and that the Increased processivity seen in the presence of unneutralized ATP when Tris-HCl, pH 7.5, is the buffer, is the result of lowering the pH.
DISCUSSION
Recent studies have shown that DNA polymerase alpha species from calf thymus and mouse Erlich ascites cells are stimulated by millimolar concentrations of ATP (5, 6, 7, 8) . In these studies, as in much published work with DNA polymerase alpha, the polymerase activity was determined in a reaction mixture in which 20-60 mM Tris-HCl buffer was used to maintain the pH at 7.4 to 7.6.
The concentration of ATP required for effective stimulation of DNA synthesis was in the millimolar range, a concentration considerably higher than that required for replication of DNA by E. coll DNA polymerase III (4).
It appears unlikely that the stimulation of DNA synthesis by high concentrations of ATP is mediated through the synthesis of RNA primers by the primase activity associated with DNA polymerase alpha in the case of primed homopolymer templates such as poly(dA)/oligo(dT) (3, 4) . In studies with MVM viral DNA (7, 8) , the conversion of single-stranded DNA to doublestranded DNA has been demonstrated to be self-primed but the possibility that the stimulation of DNA polymerase alpha activity by ATP might be mediated through the synthesis of RNA primers has not been eliminated.
However, the optimal rNTP concentration for the primase activity of DNA polymerase alpha has been shown to be approximately 0.5 mM, a concentration 8-to 10-fold lower than the optimal concentration for ATP stimulation of DNA polymerase activity. The present studies further demonstrate that the Mg concentration that is optimal for DNA polymerase alpha activity on primed homopolymer templates varies as a function of pH; at pH 7.0, the Mg optimum is 2.5-4.0 mM, whereas at pH 7.5 it is approximately 0.5 mM. As a consequence, the addition of an agent that lowers the pH of a reaction mixture in which the Mg*" 1 " concentration is ? to 10 mM would result in an apparent stimulation of DNA polymerase activity. It is noteworthy that Hesslewood ej^ al. (15) and McKune and Holmes (16) have shown that several species of DNA polymerase alpha from calf thymus exhibit optimal activity with poly(dA)/oligo(dT)
template/primers at pH 6.5 to 6.8 and Mg concentrations of 6 to 8 mM at this pH.
The effect of unneutralized ATP on the processivity of DNA polymerase alpha with poly(dA)/oligo(dT) as template/primer can be mimicked by lowering the pH of the reaction mixture. Furthermore, when single-stranded M13mpl9
DNA, annealed to a 17-base primer, was used as template/primer, significantly larger products were synthesized at pH 6.5 than at pH 7.5
(unpublished observation), suggesting that the increased processivity of DNA polymerase alpha seen in the presence of ATP in previously published studies (5,6,9) was mediated through pH effects. It should be emphasized that the present results were obtained with purified DNA polymerase alpha and, as a consequence, accessory proteins or subunits which require ATP for activation or which utilize hydrolysis of ATP for energy-requiring processes might not be present. Furthermore, it Is not known whether the ATP used in previously published studies was neutralized.
Although the role of ATP in DNA replication in eukaryotes is still not fully understood, it is possible that in vitro effects of ATP which are manifested at high ATP concentrations are due, at least in part, to changes
In the pH of the reaction mixture as well as changes in the Mg optimum that result from the addition of unneutralized ATP. The mechanism by which the pH of the reaction mixture affects the interaction of the polymerase with the template/primer is unclear, since pH might affect the conformation of the enzyme, the secondary structure of the template/primer, or both.
